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Abstract 

Background:lhe intake of meat, particularly processed meat, is a dietary risk factor for diabetes. Meat intake impairs insulin 
sensitivity and leads to increased oxidative stress. However, its effect on postprandial gastrointestinal hormone (GIH) 
secretion is unclear. We aimed to investigate the acute effects of two standardized isocaloric meals: a processed hamburger 
meat meal rich in protein and saturated fat (M-meal) and a vegan meal rich in carbohydrates (V-meal). We hypothesized that 
the meat meal would lead to abnormal postprandial increases in plasma lipids and oxidative stress markers and impaired 
GIH responses. 

Methods: In a randomized crossover study, 50 patients suffering from type 2 diabetes (T2D) and 50 healthy subjects 
underwent two 3-h meal tolerance tests. For statistical analyses, repeated-measures ANOVA was performed. 

Results: The M-meal resulted in a higher postprandial increase in lipids in both groups (p<0.001) and persistent 
postprandial hyperinsulinemia in patients with diabetes (p<0.001). The plasma glucose levels were significantly higher after 
the V-meal only at the peak level. The plasma concentrations of glucose-dependent insulinotropic peptide (GIP), peptide 
tyrosine-tyrosine (PYY) and pancreatic polypeptide (PP) were higher (p<0.05, p<0.001, p<0.001, respectively) and the 
ghrelin concentration was lower (p<0.001) after the M-meal in healthy subjects. In contrast, the concentrations of GIP, PYY 
and PP were significantly lower after the M-meal in T2D patients (p<0.001). Compared with the V-meal, the M-meal was 
associated with a larger increase in lipoperoxidation in T2D patients (p<0.05). 

Conclusion/Interpretation: Our results suggest that the diet composition and the energy content, rather than the 
carbohydrate count, should be important considerations for dietary management and demonstrate that processed meat 
consumption is accompanied by impaired GIH responses and increased oxidative stress marker levels in diabetic patients. 
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Introduction 

The current guidelines for the treatment of diabetic patients 
focus primarily on carbohydrate counts [1]. However, the 
postprandial metabolic response is likely also modified by the 
contents of other macronutrients in meals and by gastrointestinal 
hormone (GIH) release. 



Dietary saturated fat is known to impair insulin sensitivity and 
to enhance hepatic glucose production [2]. Studies of patients 
suffering from diabetes have revealed that dietary fat delays gastric 
emptying, leading to a lag in glucose absorption [3,4]. On the 
other hand, studies suggest that in patients suffering from diabetes, 
higher fat meals acutely increase the glucose concentration and the 
requirement for insulin compared with meals containing similar 
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178 patients with type 2 
diabetes (T2D) and 276 
healthy controls (HC) 
screened by telephone 



1 




r 


93 T2D and 119HC 
screened in person 



85T2D+ 157 HC excluded 
" 63 T2D + 95 HC did not meet inclusion criteria 
1 7 T2D + 49 HC declined to participate 
5 T2D +13 HC were unable to commit to study 
participation (due to work or personal reasons) 



43 T2D + 69 HC excluded 
" 35 T2D + 65 HC did not meet inclusion criteria 
8 T2D + 4 HC declined to participate 



50 T2D + 50 HC assigned 
to test meals in random 
order 



2 T2D + 1 HC incomplete dataset 



48 T2D + 49 HC included 
in analysis 



Figure 1. Enrollment of the participants and completion of the study. 

doi:1 0.1 371 /journal.pone.01 07561 .g001 



carbohydrate but lower fat contents [5] . Additionally, addition of 
protein energy to a meal likely increases the postprandial glucose 
level [6]. 

Epidemiological studies suggest a positive association between 
high consumption of total and red meat and incident T2D [7,8]. 
Subjects who consumed any processed meats (salted fish and 
frankfurters) were 38% more likely to develop diabetes [9]. 
Previous studies support the concept that increased oxidative stress 
may play an important role in T2D manifestation [10]. Dietary fat 
quality has been proposed to be a critical factor. Several studies 
have suggested that a high intake of saturated fatty acids naturally 
present in meat contributes to the risk of glucose intolerance 
[11,12]. In an intervention study, humans suffering from 
metabolic syndrome who were consuming a high saturated fatty- 
acid diet displayed higher oxidative stress markers postprandially 
[13,14]. 

In contrast, some intervention trials demonstrated a greater 
improvement in insulin sensitivity, glycemic control and a 
reduction in oxidative stress markers in T2D patients consuming 
a vegetarian diet compared with those consuming a traditional 
diabetes diet [15,16]. The aim of our study was to determine the 
acute effects of meat and plant-based meals on postprandial GIH 
secretion. Thus, we designed this randomized crossover study to 
evaluate the acute (a time span of hours) postprandial response to 
two standardized meals containing the same caloric content but a 
different nutritional content: a processed meat (hamburger) meal 
rich in protein and saturated fat and a plant-based meal rich in 
carbohydrates. The objective of our study was to examine whether 
the acute intake of different types of isocaloric meals consumed in 
amounts typical of normal eating (food intake representative of 



real life) would be associated with different postprandial changes in 
glucose, lipid, immunoreactive insulin (IRI), GIH and oxidative 
stress marker levels in patients with T2D compared with healthy 
subjects. We investigated the hypothesis that a processed meat 
meal would lead to an abnormal postprandial increase in the levels 
of plasma lipids and oxidative stress markers and impaired GIH 
responses in T2D patients. Our results should contribute 
knowledge relevant to the dietary management of diabetic 
patients. 

Methods and Materials 

1. Study subjects and design 

The protocol for this trial and supporting CONSORT checklist 
are available as supporting information; see Checklist SI and Trial 
protocol SI and S2. The study used a prospectively randomized 
crossover design and included a group of 50 patients suffering 
from T2D and 50 healthy controls. Their characteristics are 
presented in Table 1. The mean age was 55; about half of the 
subjects were men; and the mean duration of diabetes among the 
T2D patients was 9.8 years. Written informed consent was 
obtained from all participants prior to enrollment in the study; the 
study protocol, informed consent, and patient information were 
reviewed and approved by the Ethics Committee of the Thomayer 
Hospital and Institute for Clinical and Experimental Medicine in 
Prague, Czech Republic on November 9, 2011. On January 5, 
2012 we started the telephone screening of potential participants. 
Subjects were screened in person and enrolled into the study 
between April 3, 2012 and April 20, 2012. The first patient 
entered the intervention phase on April 10, 2012 and the last 
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completed on May 5, 2012. There was no follow-up phase. The 
study flowchart is presented in Figure 1. Of the 178 patients with 
T2D and 276 healthy controls, who were screened, 50 participants 
of both groups were included and randomized, 2 participants with 
T2D and 1 healthy subject did not complete the trial. The reasons 
for study participant exclusion are given in Figure 1 . Registration 
on ClinicalTrials.gov was initiated on April 3, 2012 (Identifier: 
http://chnicaltrials.gov/show/NCT01572402). The authors 
authors confirm that all ongoing and related trials for this 
intervention are registered. 

2. Inclusion and exclusion criteria 

The inclusion criteria were men and women aged between 30— 
70 years with a body mass index (BMI) between 27-50 kg/m". 
Patients diagnosed with T2D had been treated with diet and/or 
oral hypoglycemic agents (metformin and/ or sulfonylureas) for at 
least one year. Healthy volunteers exhibiting normal glucose 
tolerance and without metabolic syndrome or diagnosed diabetes 
among first-line relatives were included. Subjects exhibiting renal, 
liver or thyroid disease, drug abuse, including alcoholism, and 
pregnant or breastfeeding women were excluded. 

3. Study procedure 

All measurements were performed on an outpatient basis after a 
10- to 12-h overnight fast with only tap water allowed ad libitum. 
The diabetic patients did not take any of their diabetes medication 
the evening or the morning before the assessments. The 
postprandial state was measured after intake of a standard 
breakfast - one of two isocaloric test meals in a random order 
consisting of either a processed meat burger meal (a fastfood 
burger: cooked-pork seasoned meat in a wheat bun with sesame 
seeds, tomato, cheddar-type cheese, lettuce, spicy sauce, onion) or 
a plant-based burger meal (a couscous burger: boiled couscous, 
baked with onion, garlic, plant oil, spices, oat-flakes in a wheat bun 
with sesame seeds). For each intervention visit, the meals were 
delivered fresh from the manufacturer. The study nurses generated 
the random sequence of the meals and assigned participants to the 
interventions in one-week intervals. The participants ate the meals 
under the nurse's control in the laboratory. Neither the study staff 
nor the participants were blinded to the content of the meals. The 
compositions of the meals are presented in Table 2 . 



The plasma concentrations of glucose, immunoreactive insulin, 
C-peptide, triglycerides (TG), free fatty acids (FFA), oxidative 
stress markers and GIH were measured during the fasting state 
(time 0) and then 30, 60, 120 and 180 min after the meal. In this 
single-center study the samples were collected in the Laboratory of 
Clinical Pathophysiology in Institute for Clinical and Experimen- 
tal Medicine. 

4. Analytic methods 

4.1 Metabolic parameters. Plasma glucose was analyzed 
via the glucose-oxidase method using a Beckman Analyzer 
(Beckman Instruments Inc., Fullerton, CA, USA). Serum immu- 
noreactive insulin and C-peptide concentrations were determined 
using Insulin and C-peptide IRMA kits (Immunotech, Prague, 
Czech Republic), respectively. Plasma lipid concentrations were 
measured via enzymatic methods (Roche, Basel, Switzerland). 

4.2 Gastrointestinal and appetite hormones. Protease 
and dipeptidyl peptidase-4 inhibitors were added to two samples at 
each time point. The concentrations of glucagon-like peptide — 1 
(GLP-1), gastric inhibitory peptide (GIP), pancreatic polypeptide 
(PP), peptide YY (PYY), leptin and ghrelin were determined via 
multiplex immunoanalyses based on xMAP technology using a 
MILLIPLEX MAP Human Gut Hormone Panel (Mfflipore, 
Billerica, MA, USA) and a Luminex 100 IS analyzer (Luminex 
Corporation, Austin, TX, USA) [17]. The assay sensitivities, 
expressed as the minimum detectable concentrations reported in 
the instructions for use by the manufacturer, are (in pg/mL): 
ghrelin 1.8; leptin 157.2; GIP 0.2; GLP-1 5.2; PP 2.4; and PYY 
8.4. For our measurements, the sensitivity was set as the value of 
the lowest standard concentration: ghrelin 13.7; GIP 2.7; GLP-1 
13.7; and PP 13.7. For other analytes, there were no values below 
the corresponding calibration range. 

4.3 Oxidative stress markers. The levels of lipid peroxi- 
dation were determined via a home-made method using 
thiobarbituric acid reactive substances (TBARS) [18]. The activity 
of superoxide dismutase (SOD) was analyzed using a SOD assay 
kit (Sigma-Aldrich, St Louis, MO, USA). The serum level of 
ascorbic acid was measured via a home-made method [19]. The 
level of reduced glutathione in whole blood was determined using 
a glutathione HPLC diagnostic kit (Chromsystems, Munich, 
Germany). 



Table 1. General characteristics of the Diabetic and Control Population. 





Characteristics 


Patients with T2D (n = 50) 


Healthy Controls (n = 50) 


Age - years 


56±6 


54±8 


Male - No. (%) 


23 (46) 


23 (46) 


Female - No.(%) 


27 (54) 


27 (54) 


Smokers - No. (%) 


11 (22) 


7 (14) 


Weight - kg 


96.5±17 


71±11 


BMI - kg.rrT 2 


33.3±5.6 


24.4±2.5 


Waist - cm 


107±13.0 


85 ±8.0 


Hips - cm 


115±12.0 


98±5.0 


HbAlc (DCCT) - % 


7.0±3.2 


5.6±2.4 


HbAlc (IFCC) - mmol/mol 


53.7±12.0 


37.3±2.7 


Fasting glucose level - mmol/l 


8.0±3.1 


5 ±0.44 


Duration of diabetes - years 


9.8±6.3 





Data are means ± SD. 

doi:1 0.1 371 /journal.pone.01 07561 .t001 
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Table 2. Composition of the test meals. 





Meal 


Hamburger (M - meal) 


Vegan burger (V - meal) 


Total weight (g) 


150 


235 


Energy content (kCal/kJ) 


455/1904 


456/1907 


Carbohydrates (g) (%) 


31 (27%) 


60 (52%) 


Proteins (g) (%) 


24 (21%) 


13 (11%) 


Lipids (g) (%) 


26 (52%) 


19 (37%) 


Saturated fatty acids (g) 


70 


6 


Monounsaturated fatty acids (g) 


7 


5 


Polyunsaturated fatty acids (g) 


9 


8 


Fiber (g) 


5 


8 



doi:1 0.1 371 /journal.pone.01 07561 .t002 



5. Statistical analyses 

For statistical analysis, repeated-measures ANOVA was per- 
formed. An estimate of the number of subjects that we recruited 
was carried out using a power analysis of repeated measurements 
via PASS 2005 statistical software (Number Cruncher Statistical 
Systems, Kaysville, UT, USA). The power analysis was completed 
for the most important variables and the number of subjects 
should provide the power >0.8 for all these variables. The factors 
of subject, group, meal and time were included in the analyses. 
The interactions between meal and time (meal x time) were 
calculated for each variable. ANOVA was followed by least 
significant difference (LSD) multiple comparisons post-hoc anal- 
ysis. The original dependent variable was subjected to a power 
transformation to obtain constant variance and a symmetric 
distribution of the data and residuals [20] . The data are presented 
as the means with 95% CI. We have checked the carry-over effect 
using the model including the factor "sequence" and we have not 
found any significance of this factor for any dependent variables. 

Results 

1. Glucose, C-peptide, insulin and lipid responses 

The plasma concentrations of glucose, IRI, C-peptide and lipids 
during the fasting state and their postprandial profiles are 
illustrated in Fig. 2. All of these measured parameters were 
significantly higher in the T2D patients than in healthy controls at 
nearly every time point. The fasting concentrations did not differ 
before the M- and V-meals in both groups. In both the diabetic 
and healthy subjects, the postprandial plasma levels of glucose 
were significantly higher after the V-meal at only one time point - 
at peak blood glucose level, after 30 min in healthy subjects and 
60 min in patients with T2D. The two different meals induced 
relatively similar glucose responses in both groups when the time- 
course is considered. Although the M-meal resulted in a 
significantly lower IRI and C-peptide response than the V-meal 
in healthy subjects, these levels decreased more slowly, and after 
1 80 min the IRI after the M-meal was significantly higher in both 
groups of subjects. In the T2D patients, the postprandial increases 
in IRI and C-peptide were not significantly different after both 
diets, and the peak of the IRI curve was considerably postponed. 
After the M-meal, hyperinsulinemia persisted longer in both 
groups. The plasma concentration of triglycerides inversely 
correlated to the plasma concentration of free fatty acids. The 
M-meal resulted in a significantly higher postprandial increase in 
triglycerides and a further decrease in free fatty acids in both 



groups, and these differences were more pronounced among the 
patients with T2D. 

2. GIHs 

The basal concentrations of nearly all of the GIHs were 
significandy increased in the T2D patients compared with the 
healthy controls. There was a considerable difference in the GIH 
response after ingestion of the M-meal compared with the V-meal 
in both healthy subjects and the T2D patients (Fig. 3). The V-meal 
resulted in a significantly higher GIH response than the M-meal 
but only among the T2D patients. In healthy subjects, the 
postprandial GIH levels were significantly lower after the V-meal 
than after the M-meal. The largest difference was detected in the 
postprandial concentrations of PP and PYY. In the T2D patients, 
the postprandial concentrations of GLP-1, GIP and PYY were 
significantly higher after the V-meal. The largest difference 
between the two meals was detected in the postprandial secretion 
of GLP-1, both with respect to quantity and dynamics. 

3. Appetite hormones 

The concentrations of ghrelin and leptin differed significandy 
between the T2D patients and the healthy controls throughout the 
entire meal assessment (Fig. 3). In the fasting state, the plasma 
concentration of ghrelin was 56% lower in the diabetic subjects 
(p<0.001), and the plasma concentration of leptin was 150% 
higher than the healthy controls (p<0.001). The plasma concen- 
tration of ghrelin was significandy lower and that of leptin was 
significandy higher in the T2D patients throughout the entire meal 
assessment, with no difference between the two isocaloric diets. 
The physiological postprandial suppression of ghrelin secretion 
was less pronounced in the diabetic subjects than in the healthy 
controls, and there was a rapid decrease in the ghrelin level 
beyond the first 60 min after consumption, and the postprandial 
decrease was significantly larger after the M-meal among healthy 
controls (p<0.001). 

We have added a subanalysis by adding a "baseline ghrelin" 
factor to the model. The baseline ghrelin was the most important 
factor when included in the model with F= 187, p<0.0001. It 
means that the higher the baseline level of ghrelin is, the larger the 
drop. The difference between the two meals remained significant 
with F= 19.43, p<0.001. 

4. Oxidative stress parameters 

The fasting concentrations of all of the oxidative stress markers 
differed between the groups. (Fig. 4). In the T2D patients, 
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Figure 2. Postprandial changes in plasma concentrations of glucose, immunoreactive insulin, C-peptide, triglycerides and free fatty 
acids in patients with diabetes (T2D, full line) (n = 48) and healthy controls (HC, dashed line) (n = 49) after ingestion of the V-meal 
(circles) and the M-meal (squares). Data are expressed as mean with 95%CI. Repeated-measures ANOVA was performed. A: Plasma glucose: 

Healthy controls: Factors diet: p = 0.0001; time: p<0.0001; interaction diet x time: p = 0.0001; T2D: diet: p = 0.3767; time: p<0.0001; interaction 
diet x time: p = 0.708. B: Immunoreactive insulin: Healthy controls: Factors diet: p = 0.91 56; time: p<0.0001 ; interaction diet x time: p<0.0001 ; 
T2D: diet: p = 0.1 084; time: p<0.0001; interaction diet x time: p = 0.098. C: C-peptide: Healthy controls: Factors diet: p<0.0001; time: p<0.0001; 
interaction diet x time: p<0.0001 ; T2D: diet: p = 0.071 3; time: p<0.0001 ; diet x time: p = 0.661 5. D: Triglycerides: Healthy controls: Factors diet: 
p = 0.0001; time: p<0.0001; interaction diet x time: p<0.0001; T2D: diet: p<0.0001; time: p<0.0001; interaction diet x time: p = 0.0192. E: Free 
fatty acids: Healthy controls: Factors diet: p<0.0001; time: p<0.0001; interaction diet x time: p = 0.0003; T2D: diet: p<0.0001; time: p<0.0001; 
interaction diet x time: p = 0.058. 
doi:1 0.1 371 /journal.pone.01 07561 .g002 
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Figure 3. Postprandial changes in plasma concentrations of gastrointestinal and appetite hormones in patients with diabetes (T2D, 
full line) (n = 48) and healthy controls (HC, dashed line) (n = 49) after ingestion of the V-meal (circles) and the M-meal (squares). Data 
are expressed as mean with 95%CI. Repeated-measures ANOVA was performed. A: GLP-1: Healthy controls: Factors diet: p = 0.1 072; time: p< 
0.0001; interaction diet x time: p = 0.2731; T2D: diet: p<0.0001; time: p<0.0001; interaction diet x time: p<0.0001. B: GIP: Healthy controls: 
Factors diet: p = 0.01 28; time: p<0.0001; interaction diet x time: p = 0.0001 ; T2D: diet: p = 0.0005; time: p<0.0001; interaction diet x time: p<0.0001. 
C: PP: Healthy controls: Factors diet: p<0.0001; time: p<0.0001; interaction diet x time: p = 0.0016; T2D: diet: p = 0.5702; time: p<0.0001; 
interaction diet x time: p = 0.01 24. D: PYY: Healthy controls: Factors diet: p<0.0001; time: p<0.0001; interaction diet x time: p = 0.0768; T2D: 
diet: p<0.0001; time: p<0.0001; interaction diet x time: p = 0.004. E: Ghrelin: Healthy controls: Factors diet: p<0.0001; time: p<0.0001; 
interaction diet x time: p = 0.0004; T2D: diet: p = 0.0002; time: p<0.0001; interaction diet x time: p = 0.951 9. F: Leptin: Healthy controls: Factors 
diet: p = 0.0019; time: p<0.0001; intraction diet x time: p = 0.9983; T2D: diet: p<0.0001; time: p<0.0001; interaction diet x time: p = 0.4988. 
doi:1 0.1 371 /journal.pone.01 07561 .g003 
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Figure 4. Postprandial changes in plasma concentrations of oxidative stress markers in patients with diabetes (T2D, full line) 
(n = 45) and healthy controls (HC, dashed line) (n = 49) after ingestion of the V-meal (circles) and the M-meal (squares). Data are 
expressed as mean with 95% CI. Repeated-measures ANOVA was performed. A: TBARS: Healthy controls: Factors diet: p = 0.5952; time: p = 0.5647; 
interaction diet x time: p = 0.0405; T2D: diet: p = 0.031 7; time: p = 0.01 38; interaction diet x time: p = 0.1 1 3. B: Ascorbic acid: Healthy controls: 

Factors diet: p = 0.3292; time: p = 0.2324; interaction diet x time: p = 0.9802; T2D: diet: p = 0.601 6; time: p = 0.0378; interaction diet x time: p = 0.6626. 
C: Superoxide dismutase: Healthy controls: Factors diet: p = 0.01 71 ; time: p = 0.4608; interaction diet x time: p = 0.2388; T2D: diet: p = 0.431 2; 
time: p = 0.2792; interaction diet x time: p = 0.9834. D: Reduced glutathione: Healthy controls: Factors diet: p = 0.1 504; time: p = 0.8466; 
interaction diet x time: p = 0.501 8; T2D: diet: p = 0.7654; time: p = 0.1 475; interaction diet x time: p = 0.7935. 
doi:1 0.1 371 /journal.pone.01 07561 .g004 



compared with the control subjects, the levels of TBARS, a 
measure of lipoperoxidation, were increased by 67% (p<0.001), 
while the levels of ascorbic acid, reduced glutathione and SOD 
activity were decreased by 5%, 13% and 48%, respectively (p< 
0.001). 

During the postprandial phase, consumption of the M-meal was 
associated with a significantly greater increase in the TBARS levels 
in diabetic patients than that of the V-meal. In the healthy 
controls, no postprandial dynamics of the TBARS levels were 
detected. The SOD activity in the healthy controls was 
significantly increased after the V-meal compared with the M- 
meal. There was no significant change in the plasma concentration 
of SOD during the postprandial phase in diabetic subjects after 
either meal. The plasma concentrations of reduced glutathione 
and ascorbic acid did not change significantly in either patients 
with diabetes or healthy subjects after either meal. 



Discussion 

1. Postprandial changes in the plasma concentrations of 
glucose, lipids and insulin 

Our results suggest that after two isocaloric meals containing 
different carbohydrate contents (M- and V-meals), the postpran- 
dial plasma glucose levels during the first 180 min after meal 
ingestion differed significantly only with respect to the peak 
glucose levels. Some human studies suggest that other macronu- 
trients can modify the postprandial insulin demand and the 
glycemic response and therefore exert an additional impact on the 
postprandial increase in the glucose levels, as shown in healthy 
subjects [21] as well as patients suffering from T1D [6] or T2D 
[22]. 

Concerning the lipid levels, the significantly higher postprandial 
increase in the triglyceride levels and the smaller decrease in the 
free fatty acid levels detected in both groups after the M-meal is 
not surprising. Free fatty acids are known to impair insulin 
sensitivity and to enhance hepatic glucose production [2]. 
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Decreases in the levels of these components leads to improvements 
in insulin sensitivity and glucose tolerance based on intervention 
studies [23]. 

We initially detected significantly lower IRI and C-peptide 
responses after the M-meal than the V-meal in healthy subjects. 
However, these levels decreasing more slowly, and after 180 min, 
the level of IRI was significantly higher in both groups after the M- 
meal. This result indicates that after the M-meal, hyperinsulinemia 
persisted longer in both groups. 

This finding is in accordance with a glucose clamp study of non- 
diabetic human subjects indicating that increases in the FFA levels 
lead to insulin resistance within several hours [24]. Several studies 
confirmed that meals containing higher protein and/ or fat 
contents exert an additional impact on the postprandial insulin 
demand and the increase in the glucose levels. In patients suffering 
from type 1 diabetes, high-fat meals containing identical carbo- 
hydrate and protein contents required a larger dose of insulin than 
low-fat meals [5]. Furthermore, addition of protein increases the 
insulin demand [6]. 

2. Postprandial changes in the plasma concentrations of 
GIHs and appetite hormones 

Carbohydrate, fat and protein in the lumen of the gut have been 
demonstrated to stimulate the secretion of a broad range of GIHs 
[25]. 

The incretin effect, the postprandial augmentation of insulin 
secretion by gut hormones, has been primarily associated with the 
secretion and insulinotropic effect of two GIHs - GIP and GLP-1. 
The incretin effect is thought to mediate approximately 50-70% of 
the overall insulin response after a mixed meal or glucose ingestion 
in healthy subjects [26,27]. 

It is well understood that in patients with diabetes, the incretin 
effect is diminished secondarily [28,29], and this result appears to 
be due to impaired beta cell sensitivity [30]. 

The mechanisms underlying the loss of incretin activity remain 
incompletely understood, but several hypotheses have been 
proposed, including hyperglycemia- and hyperlipidemia-associat- 
ed receptor desensitization [31,32]. 

Studies that have examined the GIP and GLP- 1 responses after 
meals differing with respect to caloric and macronutrient content 
report inconsistent results regarding the contribution of meal 
composition to the stimulation of these hormones. One study 
reported a higher GIP response after a mixed meal than after an 
oral glucose load [33]. Another study demonstrated that fat 
preferentially stimulated GIP secretion, whereas carbohydrates 
stimulated GLP-1 secretion, both regardless of the diabetes status 
[34]. Dietary protein exerted a variable effect on incretin release 
[35,36]. 

Our results suggest that the intake of each type of isocaloric 
meal consumed in amounts typical of normal eating was associated 
with different postprandial changes in the GIP and GLP- 1 plasma 
levels. In the T2D patients, the V-meal resulted in a larger release 
of GLP-1 and GIP than the M-meal. This result is in accordance 
with a study suggesting that the GLP- 1 response after fat intake is 
impaired in T2D patients [37]. In contrast, in healthy individuals, 
the GLP- 1 and GIP responses after ingestion of the V-meal were 
smaller than after the M-meal. 

Our data suggest that carbohydrates appear to represent the 
strongest activator of GLP-1 and GIP secretion among T2D 
patients, whereas healthy subjects display higher GLP-1, GIP, 
PYY and PP responses to the mixed meal containing higher fat 
and protein contents. 

In our study, we demonstrated increased basal and postprandial 
levels of GIP and GLP- 1 in the T2D patients compared with the 



healthy subjects. This finding is in accordance with a study that 
evaluated the GLP-1 secretion levels and indicated relatively 
unchanged or even elevated secretion in response to oral nutrition 
intake in subjects suffering from diabetes [38] . 

Additionally, a recent meta-analysis revealed that T2D patients 
do not exhibit reduced GLP-1 secretion in response to an OGTT 
or a meal test [39]. With respect to GIP secretion, most studies 
quantifying GIP secretion reported that the GIP levels are normal 
or even higher in T2D subjects compared with healthy controls 
[40]. However, reductions in the GLP-1 levels were found in 
patients suffering from a long disease duration and poor 
compensation [41]. A recent meta-analysis revealed a negative 
influence of HbAlc levels on plasma GLP-1 responses [39]. 

Other gastrointestinal peptides play a role in the regulation of 
energy intake, appetite and overall energy homeostasis in humans. 
They are secreted by different cells in the intestine and from the 
pancreas, and their release is modulated by food ingestion. 

PYY is co-secreted predominantly from the endocrine L cells in 
the ileum together with GLP-1. PYY plays an important 
regulatory role in GIT function [42]. 

PP is secreted from endocrine cells in the pancreas. Both PYY 
and PP, when infused intravenously, reduce appetite and energy 
intake in healthy humans [43] . They are secreted in response to all 
three macronutrients, with fat being the most potent stimulus. In 
healthy humans, it was shown that the presence of fat in the small 
intestine induced stimulation of PYY and PP in a manner 
dependent on fat digestion and the presence of free fatty acids 
[44]. This finding is in accordance with our results; in healthy 
subjects, we detected significantly greater secretion of PYY and PP 
after ingestion of the M-meal compared with the V-meal. 

The course of PYY secretion consisted of two phases. The initial 
rise in the PYY level is likely due to a link to the proximal small 
intestine, and the continuous rise reflects the direct contact of 
lipids with the distal small intestine [45]. This result was not 
detected in our diabetic group of patients; their postprandial 
response with respect to both peptides was significantly higher 
after the V-meal. Similarly, a previous study suggested that both 
insulin resistance and abnormal glucose metabolism impaired the 
PYY response to fat intake [37]. To the best of our knowledge, this 
is the first report of the different secretory responses of PP after 
both isocaloric meals in T2D patients compared with healthy 
controls. 

Ghrelin stimulates appetite and food intake and is secreted in 
the stomach. In healthy individuals, the ghrelin plasma concen- 
trations increase during fasting and are suppressed by meal intake 
[46], likely via postprandial hyperinsulinemia [47,48]. 

We detected postprandial suppression of ghrelin secretion 
during the first 60 min after meal ingestion. The postprandial 
decrease depended significantly on the baseline level of ghrelin, 
which means that the higher the baseline level of ghrelin is, the 
larger the drop. Furthermore, it was significantly greater after the 
M-meal in healthy subjects. This finding is in accordance with a 
study that demonstrates that fat digestion is required for the 
suppression of ghrelin [44]. The related changes in ghrelin could 
be deemed positive with respect to the meat meal. We detected 
lower fasting and postprandial plasma concentrations of ghrelin 
and a diminished postprandial suppression of ghrelin secretion in 
the T2D patients, with no difference between the two meals in 
time. 

3. Postprandial changes in the plasma concentrations of 
oxidative stress markers 

The postprandial state, characterized by hyperglycemia and 
hyperlipidemia, is associated with increased oxidative stress in 
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patients suffering from diabetes [49]. In our group of T2D 
patients, we detected significantly higher fasting concentrations of 
all oxidative stress markers and significantly lower concentrations 
of blood antioxidants. Previous studies support the concept that 
increased oxidative stress may play an important role in T2D 
manifestation [10]. Dietary fat quality has been proposed to be a 
critical factor. Several studies have suggested that a high intake of 
saturated fatty acids naturally present in meat contributes to the 
risk of glucose intolerance [11,12]. Based on an intervention study, 
humans suffering from metabolic syndrome who were consuming 
a high saturated fatty acid diet displayed higher levels of oxidative 
stress markers postprandially [13,14]. We found that in diabetic 
patients during the postprandial phase, the processed meat meal 
was associated with a significantly greater increase in the products 
of oxidative damage, namely TBARS, compared with the plant 
based meal. This finding could also be due to the method of 
cooking at a high temperature. It has been reported that most of 
the lipid-peroxidation products ingested from popular foods are 
derived from meat products and high-fat processed foods such as 
red meats cooked at high temperatures [50]. Another study has 
shown that adding antioxidants to hamburger meat could 
significantly reduce the formation of lipid-peroxidation products 
during cooking [51]. 

4. Strengths and limitations of the study 

The strength of our study was that we took a physiological 
approach to measure the postprandial state. We selected two 
simple isocaloric meals at amounts corresponding to those ingested 
during a typical meal. The M-meal was rich in both saturated fat 
and protein; thus, we cannot separate the effect of each 
macronutrient. 

This study also had several limitations. First, the T2D patients 
exhibited a significantly higher body weight and BMI compared 
with the control subjects, and these differences may have affected 
some of the responses reported. The object of our study was to 
compare the effect of the two different meals within each group 
(patients with T2D and healthy subjects). In healthy subjects, no 
effect of adiposity on the postprandial GIP and GLP- 1 levels has 
been reported [52]. The effect of obesity on other GIHs is unclear. 
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